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ABSTRACT : 

PROBLEM TO BE SOLVED: To obtain an optical amplifier for a 
wavelength 

division multiplexing communication system. 

SOLUTION: The optical amplifier consists of a 1st amplifier stage 

for 

generating a wavelength dependent gain tilt in one direction in 
response to a 

gain change, a 2nd amplifier stage 3 for generating a wavelength 
dependent gain 

tilt in the reverse direction in response to a change corresponding 
to the gain 

and a gain control means 4 for controlling the gains of the 1st and 
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2nd 

amplifier stages 2, 3 and maintaining the almost flat response of the 
amplifier 

over a fixed period. The 1st amplifier stage 2 is an optical 
transmission 

fiber of a fixed length for providing a Raman amplifier. The optical 
amplifier 

uses dynamic gain tilt control adjustment while maintaining a fixed 
output 

level outputted from the amplifier 1. 
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1. Title of Invention 
AN OPTICAL AMPLIFIER 

Z. Claims 

1. An optical amplifier (1) for a wavelength division multiplexed communications system, 
comprising: 

a first amplifier stage (2) responsive to changes in gain to cause a wavelength dependent gain tilt 
in one direction; 

a second amplifier stage (3) responsive to corresponding changes in gain to cause a wavelength 
dependent gain tilt in an opposite direction; and, 

gain control means (4) for controlling the gain of the first and second amplifier stages to maintain 
a substantially flat response for the amplifier over time in which the first amplifier stage is a 
length of optical transmission fibre providing a Raman amplifier, 

2. An optical amplifier (I) according to claim 1, in which the gain control means (4) 
comprises a signal processing circuit coupled to an output of the optical amplifier (1) arranged to 
detect changes in output level of the amplifier ( 1 ) and adjust the gains o f the first amplifier stage 
(2) and the second amplifier stage (3) accordingly. 

3. An optical amplifier (1) according to claim 2, in which the signal processing circuit 
comprises a pump control circuit (12,13) arranged in a negative feedback control loop around at 
least one amplifier stage, such that when a decrease in output level of die amplifier is detected the 
gains of the first, amplifier stage and. the second amplifier stage are adjusted accordingly to 
maintain the output of the amplifier at a substantially constant level. 
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4. An optical amplifier ( 1 ) according to any preceding claim, in which the second amplifier 
stage (3) is an Erbium Doped Fibre Amplifier. 



5. An optica] amplifier (1) according to any preceding claim, in which the gain control 
means (4) comprises at least one pump source (12,13) arranged to provide pump light to the first 
amplifier stage (2) and to die second amplifier stage (3), the power of the pump light being 
determined in dependence on the output level of the amplifier (1). 

6. An optical amplifier according to claim 5, comprising an optical splitter ( 1 7) arranged to 
couple a predetermined proportion of the pump light to the first amplifier stage (2) thereby 
causing a wavelength dependent gain tilt in a first direction and a predetermined proportion of the 
pump light to the second amplifier stage (3) thereby causing a wavelength dependent gain tilt in 
an opposite direction. 

7. An optical amplifier (1) according to claim 5 or 6. in which the gain control means 
comprises two pump sources (12,13) in which a first pump source (12) is arranged to counter- 
pump the first amplifier stage and the second amplifier stage, and a second pump source (13) is 
arranged to co-pump one of the first amplifier stage (2) and the second amplifier stage (3). 

8. An optical repeater ( 1 ) for a submarine communications system comprising an optical 
amplifier ( 1) according to any preceding claim. 

9. A submarine communications system comprising at least one optical repeater according 
to claim 8. 
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3. Detai led Description of Invention 
Field of the Invention 

The present invention relates to an optical amplifier and in particular an optical amplifier suitable 
for use in a Wavelength Division Multiplexed (WDM) communications network. 

Background to the Invention 

In optically amplified WDM communications systems, to achieve acceptable signal-to-noise 
ratios (SNR) for all WDM channels it is necessary to have a constant value of gain for an optical 
amplifier irrespective of the wavelength of any particular input channel. This is known as gain 
flatness and is defined as a low or zero value of the rate of change of gain with respect to 
wavelength at a fixed input level. Conventional amplifiers achieve gain flatness by careful 
design of Erbium Doped Fibre Amplifiers (EDFAs) and with the use of gain flattening filters. In 
addition, to ensure a constant output level from an optical amplifier when the input level changes 
most optical amplifiers also include an Automatic Level Control (ALQ circuit to adjust the gain 
by controlling die pump level. However, when the pump level is adjusted, the gain flatness of 
the amplifier is adversely affected exacerbating or introducing a gain tilt to the EDFA. 

Fixed gain flattening filters maybe used to address this problem. However, input level changes 
can be caused by cable ageing, cable repair or a fault in another EDFA in the amplifier, all of 
which may vary with time. Fixed gain flattening filters can not compensate the gain tilt changes 
that are caused by these variations. Alternative methods have been proposed to provide dynamic 
gain tilt adjustment, for example, making use of a variable gain equaliser or using an external 
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Attenuator copied to the input of the EDFA. However, these devices are expensive and lead to 
an inevitable loss of gain of the amplifier over time. 



Summary of the Invention 

According to a first aspect of the present invention, an optical amplifier for a wavelength division 
multiplexed communications system, comprises: 

a first amplifier stage responsive to changes in gain to cause a wavelength dependent gain tilt in 
one direction; 

a second amplifier stage responsive to corresponding changes in gain to cause a wavelength 
dependent gain tilt in an opposite direction; and, 

gain control means for controlling the gain of the first and second amplifier stages to maintain a 
substantially flat response for the amplifier over time in which the first amplifier stage is a length 
of optical transmission fibre providing a Raman amplifier. 

The present invention provides an optical amplifier which uses dynamic gain tilt adjustment 
whilst maintaining a constant output level from the amplifier. As such, the amplifier is 
particularly suitable for use in an optical repeater in a submarine communications network in 
which changes in the input level can occur as a result of many unpredictable factors as discussed 
above. 

Preferably, the gain control means comprises a signal processing circuit coupled to an output of 
the optical amplifier arranged to detect changes in output level of the amplifier and adjust the 
gains of the first amplifier stage and the second amplifier stage accordingly and the signal 
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processing circuit comprises a pump control circuit arranged in a negative feedback control loop 
around at least one amplifier stage, such that when a decrease in output level of the amplifier is 
detected the gains of the first amplifier stage and the second amplifier stage are adjusted 
accordingly to maintain the output of the amplifier at a substantially constant leveL 

As well as maintaining the output level of the amplifier at a constant level* the gain tilt of the 
amplifier with respect to input signal wavelength is maintained as substantially flat 

Preferably, the gain control means comprises at least one pump source arranged to provide pump 
light to the first amplifier stage and to the second amplifier stage, the power of the pump light 
being controlled in dependence on the output level of the amplifier. 

More preferably, the amplifier further comprises an optical splitter arranged to couple a 
predetermined proportion of the pump light to the first amplifier stage thereby causing a 
wavelength dependent gain tilt in a first direction and a predetermined proportion of the pump 
light to the second amplifier stage thereby causing a wavelength dependent gain tilt in an 
opposite direction. 

The overall increase in gain of the amplifier which is required can be provided by an increment in 
gain of the .first amplifier stage and an increment in gain of the second amplifier stage. 
Therefore, the output level of the amplifier will be maintained and no undesired gain tilt will be 
introduced into the amplifier response. 
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According to a second aspect of the present invention, an optical repeater for a submarine 
rfff f T1T rniTiic :a ^ fnTC system comprises an optical amplifier according to the first aspect of the present 
invention. 

According to a third aspect of the present invention, a submarine communications system 
comprises at least one optical repeater according to the second aspect of the present invention. 

An example of the present invention will now be described in detail with reference to the 
accompanying drawings. 

Figure 1 shows a block diagram of an example of an optical amplifier according to the present 
invention. The amplifier 1 has a length of transmission fibre 2 providing a Raman amplifier 
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stage and an EDFA 3 connected in series. A photodetector 5 in a feedback loop in the amplifier 
detects a Send Lcvd output of an optical signal propagating through the amplifier 1 and couples 
the detected level to the signal processing dicuit4viaacouplcr6. The amplifier 1 also includes 
pump sources (not shown) for pumping each of the transmission fibre 2 and the EDFA 3 via a 
WDM coupler 7. In this example, the pump sources are contained within the signal processing 
circuit 4. The pump light is provided from the pump sources via connections 8, 9 and 10 
between the signal processing circuit 4 and the transmission fibre 2 and the EDFA3. An optical 
isolator 11 is provided at the output of the amplifier 1. 

Figure 2 shows a block diagram of a signal processing circuit 4 suitable for use in the optical 
amplifier shown in Figure 1 . The signal processing circuit 4 has a first pump source 12 arranged 
to co-pump the EDFA 3 at a wavelength of 980nm and a second pump source 13 arranged to 
counter-pump the EDFA 3 and the Raman amplifier stage 2 at a wavelength of I475nm. The 
pump level of pump source 12 is set at a constant value whereas, as will be described below, the 
pump level of pump source 13 is variable in dependence on the detected Send Level output of 
amplifier 1. The signal processing circuit 4 also has an ALC unit 14 having a comparator 15 
arranged in a negative feedback control loop. The Send Level output from the amplifier 1 and a 
voltage reference signal from a voltage reference signal generator 16 are used as inputs to the 
comparator 15. The output from the comparator 15 is used as an error signal to control the pump 
level of pump source 1 3 in that a change in the error signal will cause a corresponding change in 
the pump level of pump source 13. By setting the voltage reference signal at a desired level, the 
output of the comparator 15 and hence the Send Level output of the amplifier 1 can be controlled 
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A splitter 17 is arranged to split the output from pump source 13, a predetermined proportion of 
the total output power of pump source 13 being used to counter-pump each of the EDFA 3 and 
the transmission fibre 2, As will be described below, the ratio of the split may be set 
independently in accordance with a user's needs. 

The operation of the amplifier 1 will now be described with reference to Figures 1 and 2. When 
the input level to the amplifier I decreases from a nominal value this would ordinarily lead to a 
corresponding decrease in the Send Level output of the amplifier I . In this case, when the Send 
Level output decreases the output from comparator 15 increases thereby increasing the pump 
level of pump source 13. However, increasing the pump level supplied to the EDFA 3 causes a 
clockwise gain tilt in the output of the EDFA 3 (shorter wavelengths will experience higher gain 
than longer wavelengths (sec Figure 2)). Typically, for a lOdB EDFA the gain tilt will be of the 
order of 0.2dB/dB over a 12nm wavelength range. Therefore, to compensate for this change in 
gain nit, the transmission fibre 2 is also counter-pumped by pump source 13 to provide an 
amount of Raman amplification. In contrast to the clockwise gain tilt change caused by the 
EDFA 3, WDM signals in the range 1543 to 1560nm will see acoumerclockvvisegamn'lt when 
the Raman gain increases (see Figure 4). Typically, the transmission fibre 3 can have a Raman 
gain of the order of 440 cm"' which is about 100-llOrira fora I480ranpump. The change in gain 
tilt will be of the order of 0.3dB/dB. Therefore it is possible to compensate the change in gain tilt 
in the EDFA using the opposite change in gain tilt of the Raman gain of the transmission fibre. 



When there is a reduction in the input level to the amplifier 1, the extra gain which is needed to 
maintain the output level of the amplifier at a constant value is jointly provided by an increment 
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in the gain of the EDFA 3 and an increment in the gain of the Raman amplifier in the 
transmission fibre 2. The overall change in gain nit of the amplifier 1 is therefore minimised 



In use, part of the optical output of amplifier 1 is directed into anegative feedback control loop as 
the Send Level output via photod erector 5 to the signal processing circuit 4. The voltage 
reference signal generator 16 provides a voltage reference signal Vref to the positive terminal of 
comparator 15, the Send Level output from pho t od elector 5 being coupled to the negative 
terminal of comparator 1 5. As the Send Level output drops, usually in response to a decrease in 
input level to the amplifier 1, the negative feedback control loop serves to increase the pump 
level supplied by pump source 1 3 thereby increasing the respective gains of the Raman amplifier 
2 and the EDFA 3. 

The output of pump source 1 3 is coupled to the splitter 1 7 which ensures that the pump levels of 
EDFA 3 and Raman amplifier 2 are simultaneously adjusted in accordance with the Send Level 
output changes to ensure that the gain tilt of the amplifier i remains flat For example, if a 
decrease in the Send Level output of 3dB is detected by the signal processing circuit 4, a 
corresponding 3dB increase in the gain of the amplifier 1 will be required to maintain the Send 
Level output at a constant level. To achieve this, the gain of the EDFA 3 may be increased by 
l.SdB and the gain of the Raman amplifier 2 may be increased by 1.2dB. The proportions of 
power from the pump source 1 3 supplied to each of the EDFA 3 and the Raman amplifier stage 2 
are set by the splitter 17 and are determined in accordance with a user's needs. As such, the Send 
Level output of the amplifier 1 will be maintained at a constant level whilst simultaneously 
ensuring that the gain tilt of the amplifier 1 will also remain substantially flat 
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Figures 3 and 4 show graphs of normalised gain of an EDFA and a Raman amplifier respectively 
against wavelength ofan input signal. The graphs show how oyer a wavelength range of 1 544nm 
to 1 560nm the gain tilt of the EDFA changes. At a low value of the gain, the gain tilt is positive, 
whereas at a high value of the gain the gain tih is negative. In contrast to this, for the Raman 
gain in the transmission fibre, for a low value of gain the gain tilt is negative whereas for a high 
value of gain the gain tilt is positive. 

Figure S shows a graph of combined normalised gain of an EDFA and a Raman amplifier against 
wavelength of the input signal. By combining the effects as shown in the graphs of Figures 3 and 
4, a constant flat gain tih over a range of 1544 to I560hm is obtained. 

Figure 6 shows a submarine communications network having a number of optical repeaters 20 
each incorporating a number of optical amplifiers according to the present invention. The 
network has a submarine cable 18 linking first and second endstations 19, and 19, via a number 
of such optical repeaters 20. The output level of each of the optical repeaters 20 can be 
determined by setting an appropriate value for the reference voltage signal Vrefin the respective 
signal processor. Since each of the repeaters includes optical amplifiers according to the present 
invention, relative channel levels of WDM signals in each optical fibre in the submarine cable 
will be maintained over the entire link. 
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4. Brief Description of Drawings 

Figure 1 shows a block diagram of an optical amplifier according to the present invention. 
Figure 2 shows a block diagram of a signal processing circuit suitable for use in the optical 
amplifier shown in Figure 1. 

Figure 3 shows a graph of normalised gain of an EDFA against wavelength of the input signal. 
Figure 4 shows a graph of normalised gain of a Raman amplifier against wavelength of the input 
signal. 

Figure 5 shows a graph of combined normalised gain of an EDFA and a Raman amplifier against 
wavelength of the input signal. 

Figure 6 shows a communications network having a number of repeaters having an amplifier 
according to the present invention. 
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Fig. 3 
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Fig. 5 
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1. Abstract 

The present invention provides an optical amplifier for a wavelength division multiplexed 
communication system, including a first amplifier stage responsive to changes in gain to cause a 
wavelength dependent gain tilt in one direction, a second amplifier stage (3) responsive to 
corresponding changes in gain to cause a wavelength dependent gain tilt in an opposite direction 
and gain control means (4) for controlling the gain of the first (2) and second (3) amplifier stages 
to maintain a substantially flat response for the amplifier (1) over time, in which the first 
amplifier stage (2) is a length of optical transmission fibre providing a Raman amplifier. The 
present invention provides an optical amplifier which uses dynamic gain tilt adjustment whilst 
maintaining a constant output levd from the amplifier. 



2. Representative 
Fig. 1 



Drawl n g 



